Micro-Doppler signals returned from the main rotor of a helicopter can be used for feature extraction and helicopter classification. An intrinsic feature of a helicopter that may be extracted from the micro-Doppler signatures is the L/N quotient, where N denotes the number of rotor blades and L is the blade length. However, in monostatic radar, the L/N quotient cannot be accurately estimated due to the unknown attitude angles of non-cooperative helicopters. To solve this problem, an attitudeindependent L/N quotient estimation method based on multi-aspect micro-Doppler signatures is proposed in this study. The helicopter is observed from different aspect angles, and the multi-aspect micro-Doppler signatures are jointly processed to solve the attitude angles of the helicopter and estimate the L/N quotient unambiguously. Experiments with both simulated and real data demonstrate that, the proposed method is robust with respect to the attitude of the helicopter and, therefore, significantly improves the accuracy of L/N quotient estimation compared with only using the signature observed from single-aspect angle. This implies that the proposed method has the potential to increase the success rate of helicopter classification.
Introduction
Micro-Doppler signatures induced by the mechanical vibration or rotation of a target or its parts have been widely exploited for civil and military purposes [1] [2] [3] [4] [5] [6] [7] . In recent years, the problem of microDoppler-based helicopter classification has attracted much attention because of its application in air defence systems [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The L/N quotient, where N denotes the number of rotor blades and L is the blade length, is an intrinsic feature of a helicopter and has been widely used for helicopter classification. In [10] [11] [12] [13] , the authors developed the L/N quotient-based helicopter classification algorithms using monostatic radar. These methods can accurately identify the helicopter type in the assumption that the attitude of helicopter is horizontal. However, for non-cooperative helicopters with unknown attitudes, the methods in [10] [11] [12] [13] suffer from performance degradation, because the L/N quotient solved by a monostatic radar is sensitive to the attitude of the helicopter. In practical applications, the main rotor of a helicopter has different attitudes due to the change of helicopter motion such as hovering, advancing and retreating [14, 15] . Therefore, the attitudeindependent L/N quotient estimation is meaningful in practical scenarios and helpful to improve the robustness of existing algorithms of helicopter classification.
To overcome the limitation of monostatic radar, bistatic and multi-static radars have been employed to micro-Doppler-based target classification [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . In [20] [21] [22] , the motion parameters of vibrating/rotating targets were extracted based on analytical signal models in multi-static radar systems. In [23] [24] [25] [26] , the multi-static micro-Doppler signatures were used to overcome the self-occlusion of human target and obtain satisfactory classification results when the movement of the human target is away from the line of sight (LOS) of radar. However, these methods proposed in [23] [24] [25] [26] cannot be straightforwardly applied in helicopter classification due to the distinct difference between the motion properties of helicopters and personnel targets. More specifically, the principal axis of a human is approximately perpendicular (when the human is walking or running) or parallel (when the human is crawling) to the ground, while the rotation axis of helicopter rotor has more variations in different helicopter motions such as hovering, advancing and retreating [14, 15] .
Multi-static or multi-aspect micro-Doppler signatures of helicopter have attracted much attention in recent years [27] [28] [29] . In [27] , the Global Navigation Satellite System (GNSS) is employed as the illuminator of a passive bistatic radar system to observe helicopters, and theoretical analysis and simulations demonstrate the effectiveness of this system for extracting helicopter signatures. In [28] , multiple-input multiple-output (MIMO) radar is used to detect helicopters and the detection performance is effectively improved in comparison with monostatic radar. In [29] , the authors formulated the signal model of the helicopter rotor in multi-static passive radars, which allow both estimation of helicopter parameters and inverse synthetic aperture radar imaging of the helicopter rotor. However, in the existing literature, the effect of the attitude of the helicopter on the feature extraction has not been fully investigated yet.
In this paper, an attitude-independent L/N quotient estimation method is proposed based on multi-aspect micro-Doppler signatures. Based on the analytical relationship between the maximal micro-Doppler shift and the helicopter attitude, the attitude angles of the helicopter can be solved by analysing the micro-Doppler signatures collected from multiple aspect angles, and then the L/N quotient can be accurately retrieved and used for helicopter classification. Compared with the existing monostaticbased methods in [10] [11] [12] [13] that do not consider the helicopter attitude, the proposed algorithm can provide satisfactory classification performance for non-cooperative helicopters with unknown attitudes.
The remainder of the paper is organised as follows. In Section 2, the background related to micro-Doppler signal model and helicopter classification is introduced. Then the proposed method is presented in detail in Section 3. Experimental results on synthetic and real data are given in Section 4 to validate the proposed method. Concluding remarks are provided in Section 5.
Background

Signal model of rotor echo
The helicopter's echoes are composed of the components reflected from its fuselage, rotating main rotor hub, main rotor and tail rotor [8, 9] . From the point of view of helicopter classification, the most useful information is provided by the structure of the rotating main rotor [12, 18] , and the main rotor echoes can be separated from other components by using the method proposed in [18] . Supposing the parameters (N, ω, L) represent the number of blades, the rotational speed and the blade length, respectively, the echoes from the main rotor can be expressed as [19] :
where
where λ is the carrier wavelength of the radar system, t m denotes the sampling instant with the sampling frequency f s , M is the number of samples, sinc(x) = sin(x)/x, R 0 is the range between the helicopter and the radar, σ is the equivalent scattering coefficient of the main rotor, and Φ n (t m ) denotes the phase of the echo corresponding to the nth blade, θ denotes the initial phase of the received signal, φ rot,los is the angle formed by the rotation axis and the LOS direction. In (2), the sine of angle φ rot,los follows:
where the vector η rot denotes the direction of the rotation axis, η los denotes the LOS direction, and 〈, 〉 denotes the inner product. The geometry of radar observation is shown in Fig. 1 , where α rot and β rot denote the azimuth angle and the pitch angle of η rot , respectively, α los and β los denote the azimuth angle and the pitch angle of η los , respectively. Then η rot and η los can be expressed as η rot = cos α rot cos β rot , sin α rot cos β rot , sin β rot ,
η los = cos α los cos β los , sin α los cos β los , sin β los .
In practical scenarios, the LOS angles (α los , β los ) can be obtained from system configuration or estimated by using signal processing techniques [30] , but the attitude angles (α rot , β rot ) of non-cooperative helicopters are unknown [14, 15] . Since the micro-Doppler signatures are influenced by the helicopter attitude, it is very meaningful to develop attitude-independent algorithms of helicopter feature extraction in practical scenarios.
L/N quotient-based classification scheme
The L/N quotient-based algorithm is one of the most widely used methods for helicopter classification [10] [11] [12] [13] . In this subsection, the theoretical foundation of this method is briefly reviewed, and its limitation in monostatic scenario is also analysed.
It is clear from (1) and (2) that the received signal is periodic and the period is
The instantaneous frequency corresponding to the nth blade can be directly obtained by taking the time derivative of Φ n (t):
It is obvious from (7) that the maximal Doppler shift of the received signal is
According to (6) and (8), the L/N quotient can be calculated as
where the period T and the maximal Doppler shift f md,max can be extracted from the micro-Doppler signals. Since L/N quotient is an intrinsic characteristic of a helicopter, most helicopters can be identified according to their L/N quotient values [16] . In monostatic-based algorithm, no information about the helicopter attitude can be obtained and the helicopter pitch angle β rot is assumed to be 90°. As a result, the L/N quotient is regarded as
It is obvious that formula (10) is different from (9) , and the estimated (L/N) mono will deviate from the real value of L/N quotient when the helicopter attitude is not horizontal. That is to say, the monostatic-based algorithm cannot accurately estimate the L/N quotient of non-cooperative helicopters with unknown attitudes.
To explain the failure of monostatic L/N quotient estimation for non-horizontal helicopters, we analyse the micro-Doppler signature of an AH-64 Apache helicopter with the following simulation. The simulation parameters and the parameters of AH-64 Apache helicopter are listed in Tables 1 and 2 , respectively. With the monostatic L/N quotient estimation algorithm, the value of (L/ N) mono is calculated as 1.658 when the pitch angle β rot of the rotation axis is 75°, i.e. when the helicopter rotor deviates from the horizontal attitude with 15°. It is clear that (L/N) mono has deviated from the real value of L/N, i.e. 1.830. Considering that the L/N quotient of SA365 Dauphin helicopter (another helicopter type) is 1.490, the AH-64 Apache with β rot = 75° may be mistakenly identified as a SA365 Dauphin by using monostatic L/N quotient estimation according to the nearest neighbour rule.
Proposed method
To accomplish attitude-independent classification of noncooperative helicopters, in this section we propose a multi-aspect 
Monostatic micro-Doppler analysis
At this stage, the received signal obtained from each aspect is processed separately, and the period T i and the maximal Doppler shift f md,max,i are extracted via monostatic micro-Doppler analysis, where the subscript i indicates the index of aspect. The authors of [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] presented a number of effective methods for monostatic micro-Doppler analysis. In this paper, the period T i is estimated by using the autocorrelation function of the received signal as presented in [18] . Then, the initial phase θ of the received signal is synchronised to be π/2 by using the method proposed in [19] . After the previous processing, the signal model in (1) can be rewritten as
where C is a constant, and the rotational speed ω is replaced with 2π/NT according to (6) . 
Based on the maximum likelihood (ML) analysis presented in [18] , the maximal Doppler shift f md,max can be estimated as
It is worth emphasising that the maximal Doppler shift f md,max can be properly extracted according to (13) without a priori information about the number of blades N. We refer readers to the literature [18] for more details about this ML estimation.
Multi-aspect micro-Doppler analysis algorithm
At this stage, the attitude angles (α rot , β rot ) are determined by using the maximal Doppler shift f md,max,i and the LOS angles (α los,i , β los,i ) (i = 1,2,…,K), where K is the number of observation aspects. Then, with the estimated attitude angles (α rot , β rot ), we can calculate the L/N quotient according to (9) . The multi-aspect micro-Doppler analysis at this stage accomplishes attitudeindependent L/N quotient estimation, which has not been investigated in the existing literature yet. It is clear from (8) that the maximal Doppler shift f md,max is proportional to the following three factors: (i) the velocity of the blade tip, i.e. ωL; (ii) the reciprocal of the wavelength, i.e. 1/λ; and (iii) the sine value sinφ rot,los . Supposing that the helicopter is observed from K different aspects, the maximal Doppler shifts corresponding to Aspect i and Aspect j satisfy the following relationship according to (8) :
where φ rot,los,i denotes the included angle formed by rotation axis of the helicopter rotor and the LOS of Aspect i. To avoid zero term at denominator in (14) , which corresponds to the case that the LOS is perpendicular to the rotor plane, (14) is rewritten as 
In (15), the micro-Doppler shifts f md,max,i (i = 1, 2,…, K) have been estimated in Stage 1, the angle φ rot,los,i is determined by (α los,i , β los,i ) and (α rot , β rot ), where (α los,i , β los,i ) are known and (α rot , β rot ) are unknown. Based on (15), K − 1 independent constraint equations containing (α rot , β rot ) are obtained. Since there are two independent unknown angles, i.e.α rot and β rot , at least two independent constraint equations are needed to determine them. Therefore, the helicopter should be observed from at least three aspects, i.e. K ≥ 3.
It is difficult to find the analytical solution of (15). Here we solve the values of (α rot , β rot ) by full search. We uniformly divide the attitude angles domain that (α rot , β rot ) belong in into P × Q discrete values, i.e. α rot ∈{α 1 , α 2 , …, α P } and β rot ∈{β 1 , β 2 , …, β Q }, and compute the sine value sinφ rot,los,i according to (3)-(5) for each pair of (α rot , β rot ). Based on (15), the value of (α rot , β rot ) is searched by α′ rot , β′ rot = arg max
where the value of K is not less than 3 as analysed above.
With the estimated (α rot , β rot ), the L/N quotient can be calculated according to (9) :
where the values of T i (i = 1,2,.., K) have been estimated at Stage 1. It is clear from (18) that the L/N quotient is calculated by averaging over K radar nodes, therefore, the estimation accuracy of (L/ N) multi,K is expected to be improved as K increases due to increasing robustness against noise. Based on the above description, the proposed algorithm for L/N quotient estimation is summarised in Fig. 3 .
In what follows, we use the proposed method to analyse the simulated signal from an AH-64 Apache helicopter which has been described in Section 2.2. The configurations of the radar system are presented in Table 1 . Now we assume that the helicopter is observed from three aspects as listed in Table 3 .
With the algorithms described in Section 3.1, the period and the maximal Doppler shift of the received signal from each aspect are extracted separately, and the results are listed in Table 4 . It can be seen that, the estimation of the period T i (i = 1, 2, 3) is not influenced by the change of the aspect angle, while the maximal micro-Doppler shift f i (i = 1, 2, 3) varies with the different aspect angles.
With the estimated f md,max,i and the known (α los,i , β los,i ) (i = 1,2,3), the function X 3 (α rot , β rot ) is computed according to (17) and the search result in (α rot , β rot ) domain is depicted in Fig. 4 . It is clear that the peak of X 3 (α rot , β rot ), i.e. (60°, 75°), is located at the true value of (α rot , β rot ). With the estimated (α rot , β rot ), the L/N quotient is calculated according to (18) , and the result is 1.827, which is very close to the real value of L/N, i.e. 1.830. The estimation error in noise free case is caused by the quantisation error in searching process and its influence to the classification results is neglectable in most cases. This simulation depicts the processing procedures of the proposed method and verifies the effectiveness of this method. The performance of the proposed method will be evaluated in detail in the following parts.
Discussions
Discussions about the value ranges of related angles:
In this subsection, the search domain of (α rot , β rot ) and the value ranges of (α los,i , β los,i ) in optimisation problem (16) are discussed. Each type of helicopter has its own limitation of pitch angle β rot , and the allowable range of β rot can be found in its pilot's handbook. It can be seen from Table 2 that the deviation of pitch angle β rot from 90° is not larger than 30°. Therefore, we set the search range of β rot to be [60°, 120°] in (16) . Since the azimuth angle α rot of helicopter rotor varies from 0° to 180°, and the azimuth angles between 180° and 360° are equivalent to those between 0° and 180° due to the symmetry of helicopter rotor, we set the search range of α rot to be [0°, 180°]. The range of the pitch angle β los,i of the LOS depends on application scenarios. In this [32] , the pitch angle of radar LOS can be much larger than 3°. In addition, the azimuth angle α los,i of radar LOS varies between 0° and 360°. In conclusion, the search domain of optimisation problem (16) 
Discussions about the optimisation problem (16):
As presented in Section 3.2, the solution of (16) is obtained by full search within search domain of (α rot , β rot ). In the searching process, as the angles (α rot , β rot ) approach their true values, every term at the right hand side of (17) approaches +∞. Therefore, the values of (α rot , β rot ) can be found by searching the maximum of (17) . To evaluate the properties of the optimisation problem (16) Fig. 5b and Table 5 confirm the effectiveness of the proposed method for estimating α rot . The relative estimation error of α rot is larger than that of β rot , this is because function (17) is more sensitive to the value of β rot .
Simulations and experimental results
In this section, we evaluate the proposed algorithm with both simulated and real data.
Influence of the helicopter attitude on L/N quotient estimation in noise-free case
As presented in Section 2.2, the monostatic L/N quotient estimation algorithm fails to identify helicopters when the rotor of helicopter deviates from horizontal attitude. In contrast, the proposed method is capable of attitude-independent L/N quotient estimation. In this simulation, the performances of the proposed method and the monostatic L/N quotient estimation are tested under different helicopter attitudes. The carrier frequency f c of radar is set to be 900 MHz. The sampling frequency f s and signal length M are set to be 6000 Hz and 2400 points, respectively. Seven types of helicopters are considered and their parameters are listed in Table 2 . The helicopter is observed from three different aspects. The azimuth angles α los,i (i = 1, 2, 3) of the LOS are randomly selected from [0°, 360°] with equal probability. The pitch angles β los,i (i = 1, 2, 3) of the LOS are configured under the following two scenarios: (i) Small pitch angle, i.e. angles β los,i (i = 1, 2, 3) are selected from [0°, 3°] with equal probability. (ii) Wide range of pitch angle, i.e. angles β los,i (i = 1,2,3) are selected from [0°, 70°] with equal probability. The azimuth angle α rot of the rotor is randomly selected from [0°, 180°] with equal probability, and the pitch angle β rot is set to vary from 75° to 105° with a step size of 2.5°. For each value of β rot , the proposed method and the monostatic L/N quotient estimation algorithm are repeated for 100 trials for each type of helicopter. In this simulation, no noise is added to the signal.
The averaged relative estimation error of L/N quotient and the classification accuracy versusβ rot are depicted in Fig. 6 , where the In Scenario 1, the estimation error of L/N quotient yielded by the monostatic algorithm is quite slight, and the classification accuracy of monostatic algorithm decreases mildly when β rot deviates beyond [80°, 100°]. In Scenario 2, the performance of monostatic algorithm degrades obviously when β rot deviates from 90°. Therefore, the proposed method have advantages over monostatic methods, especially when β rot deviates obviously from 90° or the pitch angle of the LOS is not too small.
Allowing for that the deviation of angle β rot from 90° can be as large as 30° for certain helicopters such as AH-64 Apache, and the LOS angle β los,i can be much larger than 3° in some applications [32] , the multi-aspect deployment is justified in realistic scenarios.
Performance of the proposed method in noisy conditions
In this simulation, the maximal Doppler f md,max,i and the period T i are estimated in noisy conditions, and the performance of the proposed method is tested under different noise levels.
The carrier frequency f c of radar is set to 900 MHz. The sampling frequency f s and signal length M are set to be 6000 Hz and 2400 points, respectively. Seven types of helicopters are considered and their parameters are listed in Table 2 . The helicopter is observed from K (K = 3 or 4) different aspects, the LOS angles (α los,i , β los,i ) and attitude angles (α rot , β rot ) are randomly selected from their definition domains as depicted in Table 6 . The signal-to-noise ratio (SNR) is set to vary from −5 to 10 dB with a step size of 5 dB. Under each SNR, the algorithm is tested with 140 Monte Carlo trails.
The relative estimation error of L/N quotient and the classification accuracy are depicted in Fig. 7 . It is clear from Fig. 7 that the proposed method outperforms the monostatic algorithm in both Scenarios 1 and 2 under different noise levels, and the advantage of the proposed method over monostatic algorithm in Scenario 2 is larger than that in Scenario 1, which coincides with the observations in Section 4.1. It can be seen from Figs. 6 and 7 that the advantage of the proposed method over monostatic algorithm in noisy conditions is larger than that in non-noise conditions in Scenario 1, which implies that the multi-aspect deployment has better robustness against noise than the monostatic deployment. In addition, the classification accuracy yielded by the proposed method with four observation aspects is higher than that yielded with three observation aspects, which coincides with the inference in Section 3.2.
Experiments with real data
To illustrate the proposed algorithm, real echoes from a 5-blade rotor were recorded by a frequency modulated continuous wave radar at the carrier frequency of 9.8 GHz with a bandwidth of 200 Table 2 MHz. The rotor was rotating without translation motion and its rotational speed and blade length were 5.5 revolutions per second (rps) and 0.18 m, respectively. The rotor attitude was nonhorizontal, and the azimuth angle α rot and the pitch angle β rot were approximately equal to 180° and 80°, respectively. In this experiment, the rotor was observed by the radar from multiple aspect angles, and the distance between the radar and the rotor was about 3 m. The pitch angles of the LOS were set much larger than 3° because we are aimed at applications of classifying microDrones in city scenarios. A diagram of the experiment setup is shown in Fig. 8 and the LOS angles are listed in Table 7 .
The spectrograms of the received signals at Aspects 1-3 are shown in Figs. 9a-c, respectively. We can see that the maximal Doppler shifts in Figs. 9a-c are different from each other, which are estimated as 139, 167 and 222 Hz, respectively, using the method proposed in Section 3.1. It can be seen that the received signal is periodic, and period can be approximately estimated as 36 ms according to the spectrogram. Considered that the number of blades is 5, the rotational speed can be calculated as ω = 1/NT ≃ 5.6 rps, which is approximately equal to the true value. It is worth emphasising that the intensity of the positive Doppler shift of the received signal is much stronger than that of the negative Doppler shift, and the negative flashes of the received signal are almost buried in the noise, this is because the scattering coefficients of the front side of the rotor blades are much larger than that of the rear side of the rotor blades.
With the estimated maximal Doppler shifts and the configurations of the LOS angles, the proposed algorithm is applied on the multi-aspect micro-Doppler signatures to determine the attitude angles and the L/N quotient. The resulted attitude angles are (171°, 79°), and the L/N quotient is estimated to be 0.0351, which is very close to the true value, i.e. 0.0360, with a relative error of 2.5%. The above results verify the effectiveness of the proposed method.
Conclusion
In this paper, an attitude-independent L/N quotient estimation algorithm is proposed based on multi-aspect micro-Doppler signatures. The proposed algorithm is robust to the helicopter attitude and capable of estimating the L/N quotients of nonhorizontal helicopters. This algorithm has application value in helicopter classification especially in conditions of non-cooperative targets with unknown attitudes. The proposed algorithm can be divided into two stages. First, the period and the maximal Doppler shift of the received signal are extracted via monostatic microDoppler analysis. Second, the attitude angles of the target are extracted via multi-aspect micro-Doppler analysis, and the L/N quotient is calculated by using the extracted attitude angles. The extracted L/N quotient can then be used in helicopter classification. Since the proposed algorithm accomplishes attitude-independent L/N quotient estimation, the accuracy of helicopter classification yielded by the proposed algorithm is higher than that yielded by the monostatic L/N quotient estimation methods. The performance gain of the proposed method is obtained at the cost of multi-aspect observations. In possible applications, a system using distributed MIMO with joint radar and communication capabilities as the one presented in [31] would allow a cost free sharing of the estimated maximal Doppler shift and periods, therefore, be capable of performing the proposed method without too much additional cost. It is worth emphasising that the L/N quotient can be jointly used with other features such as range-slow-time image [16] to further improve the classification accuracy. The robustness of the proposed algorithm with respect to the helicopter attitude is evaluated with simulations. Experiments with real data have also confirmed the effectiveness of the proposed method. 
